Introduction
The adaption of the type II CRISPR/Cas system from Streptococcus pyogenes (S. py) to perform genome editing has opened up new avenues of research and increased the rate of animal model production (Cong et al. 2013; Jinek et al. 2012; Mali et al. 2013; Wang et al. 2013 ). This two component RNA-guided endonuclease (RGN) system relies on a single guide RNA (sgRNA) of 18-20 nucleotides in length that can complex with Cas9 protein to target specific regions of the genome and induce double-strand breaks (Cong et al. 2013; Jinek et al. 2012) . These breaks are repaired imprecisely by the non-homologous end joining (NHEJ) complex resulting in small insertion or deletion events (indels) that can lead to mutagenic lesions impairing gene function. In addition to these applications, CRISPR/ Cas9 has also been shown to enhance homology-directed gene targeting in zygotes when Cas9 mRNA is co-injected with sgRNA and a donor DNA repair template (Chu et al. 2016; Richardson et al. 2016; Yang et al. 2013) . A potential limitation of the CRISPR/Cas9 system is that regions targeted by the sgRNA must be adjacent to a protospacer adjacent motif (PAM) sequence in the form of NGG, thereby limiting the regions of the genome that can be targeted by S. py Cas9. However, despite this limitation, Cas9 has proven to be a versatile tool spanning a wide range of applications from modulating gene expression to enhanced cell imaging (Chen et al. 2013; Cheng et al. 2013; Gilbert et al. 2013; Qi et al. 2013) .
These advancements in CRISPR/Cas9 technology have been accompanied by the development of a number of computational tools that enable guide prediction, scoring for off-target sites and calculation of efficiency scores (Bae et al. 2014; Cradick et al. 2014; Doench et al. 2016 Doench et al. , 2014 Heigwer et al. 2014 , Hsu et al. 2013 Labun et al. 2016;  Abstract Genome editing using the CRISPR/Cas9 RNAguided endonuclease system has rapidly become a driving force for discovery in modern biomedical research. This simple yet elegant system has been widely used to generate both loss-of-function alleles and precision knock-in mutations using single-stranded donor oligonucleotides. Our CRISPRtools platform supports both of these applications in order to facilitate the use of CRISPR/Cas9. While there are several tools that facilitate CRISPR/Cas9 design and screen for potential off-target sites, the process is typically performed sequentially on single genes, limiting scalability for large-scale programs. Here, the design principle underlying gene ablation is based upon using paired guides flanking a critical region/exon of interest to create deletions. Guide pairs are rank ordered based upon published efficiency scores and off-target analyses, and reported in a concise format for downstream implementation. The exon deletion strategy simplifies characterization of founder animals and is the strategy employed for the majority of knockouts in the mouse. In proof-of-principle experiments, the effectiveness of this approach is demonstrated using microinjection and electroporation to introduce CRISPR/ Cas9 components into mouse zygotes to delete critical exons.
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The Jackson Laboratory, 600 Main St., Bar Harbor, ME 04609, USA Moreno-Mateos et al. 2015; Oliveros et al. 2016) . Several different metrics have been introduced to weigh off-target predictions (Bae et al. 2014; Cradick et al. 2014 , Hsu et al. 2013 ) and guide efficiencies have been evaluated both in vitro and in vivo (Doench et al. 2016 (Doench et al. , 2014 MorenoMateos et al. 2015) . A limitation of the current tool set is that most focus on the prediction of single guides to impair gene function via the production of frame-shifting indels. However, these mutations are often difficult and expensive to maintain due to the challenges associated with genotyping small indels. In order to address these challenges, we set out to design a tool that would support a comprehensive analysis of putative guides and provide final a report of recommended guide combinations to create deletions using CRISPR/Cas9. CRISPRtools provides a generalized and simplified approach to generate null alleles in mouse using CRISPR/ Cas9 by designing deletions that remove internal coding regions or critical exons. This design approach follows the same rationale underlying traditional conditional allele design such that data from animal models generated using this approach can be directly compared to previously made alleles. Additionally, the deletions are a costeffective way to generate new animal models that can be maintained using conventional genotyping approaches. The CRISPRtools platform supports alternative sgRNA scoring options and can be easily extended to other organisms. In addition to exon deletion alleles, we provide a guide ranking system for performing nucleotide substitution studies using CRISPR/Cas9. The feasibility of this approach is demonstrated by generating whole exon deletions using both microinjection and electroporation to perform genome editing in zygotes obtained from inbred mice.
Materials and methods

Critical exon identification and genome annotation
For multi-exon genes, critical exons were determined by manual curation to be the most 5′ exon common to all isoforms that when removed will result in a frameshift. Ensembl exon identifiers or genomic coordinates are used to indicate the critical exon or region to be deleted. Gene annotations are obtained from Ensembl and locally stored in a SQLite database. The current version of CRISPRtools supports mouse genome build GRCm38/mm10.
Guide identification, ranking, and deletion design
Guide sequences are identified by searching the defined sequence region for all 20 base pair (bp) sequences adjacent to a PAM, NGG. Each guide is then queried against a locally running instance of ots_server, which is provided as part of the Sanger CRISPR-Analyser tool (https://github. com/htgt/CRISPR-Analyser) to perform off-target analysis. Next, we calculate efficiency scores for each guide as described (Doench et al. 2014; Moreno-Mateos et al. 2015) . For whole exon deletions, guide pairs are then identified within the upstream and downstream region flanking the exon by first filtering on the mismatch score with the criteria of [0:1, 2:0, 1:0]. This condition selects for uniquely mapping guides and eliminates guides that map to alternative loci with one or two mismatches, but allows guides that have three or more mismatches to potential offtarget sites. Guides passing this filter can then be analyzed to determine if there are any linked off-target hits defined by a 10 megabase (Mb) interval centered on the on-target guide. This search can be limited to linked off-targets within exons. The remaining guides are then ranked by a user-selected efficiency score and analyzed for overlap with each other and neighboring exons. Guides that overlap a nearby exon are also removed. The final deletion design is determined by selecting the top two non-overlapping guides within the upstream and downstream region. For internal exon deletions, the same criteria are applied as described above with the exception that the distance between guides meeting the mismatch criteria is maximized.
sgRNA guide synthesis
Individual guides were synthesized as Ultramers (IDT) with the guide sequence embedded between the T7 promoter and portion of stem loop as described (Bassett et al. 2013) . DNA templates were generated via overlapping PCR by pooling all forward oligos with a universal reverse primer as described in (Bassett et al. 2013) (Table S1 ). DNA templates were column purified (Qiagen) prior to in vitro transcription reaction. sgRNA pools were column purified (Zymogen) and quantified via Nanodrop prior to microinjection.
Zygote microinjection and electroporation
All procedures performed in studies involving animals were in accordance with the ethical standards of The Jackson Laboratory Animal Care and Use Committee (ACUC protocol 99066). One-cell embryos were obtained from superovulated C57BL/6NJ (B6NJ; JAX stock number 5304) female donors crossed to B6NJ males. For microinjection, reagents were injected into the cytoplasm at the following concentrations (100 ng/μl Cas9 mRNA (Trilink); 200 ng/μl sgRNA pool) or (250 ng/μl Cas9 protein (ThermoFisher); 200 ng/μl sgRNA pool). For electroporation, guides were diluted into microinjection buffer at a concentration of 2400 ng/μl and mixed with Cas9 mRNA (1200 ng/μl). The final prep was diluted with an equal volume of opti-MEM (Thermofisher) prior to electroporation. Embryos were processed in batches of twenty and electroporated as previously described (Wang et al. 2016) . Ribonucleoprotein complexes were generated by mixing Cas9 protein with sgRNAs and incubating for 15 min at 37 °C prior to electroporation or microinjection.
Genotyping
DNA was obtained from tail tip biopsies extracted in 25 mM NaOH/ 0.2 mM EDTA at 95 °C for 10 min and neutralized with equal volume of 40 mM Tris-HCl (pH 5.5). PCR primers were designed to be at least 150 bp away from the guide cut sites. Gene-specific PCR amplicons were generated using standard conditions and confirmed using Sanger sequencing. Primers used in this study are as listed with expected product sizes for wild-type alleles indicated in parentheses: Rab6b-F AGG GTG AAG AAA GGG TAG GC; Rab6b-R GCC CCT TGA CAT AAC CAA ACT (614 bp); Neil2-F GCT CAT CAT TAA TCC ATC TCCTG; Neil2-R GCC TTT CTT CCG AGA GAG C (847 bp); Pcnx2-F TCT CGT AAC GTC CTC AGT AACG; Pcnx2-R CAC ACA TTG GCC TGG AAC T (805 bp).
Results
Automated workflow for generating exon deletions
CRISPRtools supports two general design strategies depending on the gene structure: (1) internal exon deletions and (2) whole exon deletions (Fig. 1) . Internal exon deletions provide access to difficult gene models such as singleexon genes or gene models where all exons are in the same phase. Whole exon deletions are designed to remove a critical exon resulting in a frameshift followed by degradation via the nonsense mediated decay (NMD) pathway. The whole exon deletion strategy most closely mimics conditional allele designs that flank the critical exon with recombination recognition sites (e.g., loxP or frt). The minimal deletion region is set by default to be greater than 50 bp in order to facilitate ease of genotyping using standard PCR followed by gel electrophoresis. These design principles are implemented as an automated pipeline to enable batch designs that takes as input a list of Ensembl mouse exon identifiers or genomic sequence coordinates and returns all of the required components for performing a downstream CRISPR/Cas9 experiment (http://crispr-tools.jax.org) (Fig. 2a, b and Online Resource 1).
Internal exon deletions are suitable for removing a large portion of the coding region from single-exon genes or small genes that have the majority of coding sequence contained within a single exon. In this mode, the user can specify the amount of overlap allowed with the neighboring UTR or intron to maximize the removal of the majority of the coding regions since single-exon genes are not targeted by the NMD pathway (Maquat and Li 2001) . In addition to single-exon genes, internal exon deletions are suitable for genes that have all exons in the same phase since removal of an exon will not result in frameshift. Here, the strategy is to generate a deletion within a downstream exon that will remove critical coding sequences while at the same time preserve normal splicing. Whole exon deletions are designed by selecting pairs of guides flanking a critical exon within a user-defined distance upstream and downstream. Our program supports single-exon deletions as well as paired exon deletions to remove two closely spaced exons. In both cases, all possible guide sequences adjacent to a PAM motif (NGG) are identified and subsequently filtered using specificity and efficiency scores. Guide sequences are first evaluated for their potential off-target cutting using the mismatch scores determined by the Sanger CRISPRAnalyser (Hodgkins et al. 2015) . Only uniquely mapping guides with a mismatch tolerance set to allow guides that have three or more mismatches to off-target sites are considered as possible candidates. To minimize potential offtarget effects, additional filtering options are provided to remove guides that are linked within 5 Mb on either side of the on-target guide and overlap an exon. This separation distance helps reduce the risk that an off-target hit will segregate with the desired mutation in subsequent generations.
Next, guide efficiency scores are assigned to all guides using two alternative scoring matrices (Doench et al. 2014; Moreno-Mateos et al. 2015) . A final set of rankordered guides is then generated by selecting the top two non-overlapping guides upstream and downstream of the target region that meet the mismatch criteria and are ordered by their efficiency scores as determined by user-selected scoring algorithm. Overlapping guides are reported when no other suitable guides are found within the search region. By default, the resulting KO designs all contain four guides consisting of a pair of upstream and downstream guides to increase the likelihood of generating the desired deletion. However, this restriction can be relaxed in order to allow designs that have fewer than two guides on either side to pass filtering.
The final output contains a results file that includes the selected guide sequences and their associated mismatch scores, efficiency scores, genomic position, expected deletion sizes, and region of interest. Additionally, guides selected in the final design are provided as a bed file for easy viewing on a genome browser. Each guide is also reported as an oligo sequence with a prepended T7 sequence and sgRNA stem loop appended for use with a universal reverse primer to generate a DNA template via overlapping PCR that can be used to make the sgRNA (Bassett et al. 2013) . A message log is included to report exons that failed to meet the filtering criteria and a list of linked off-targets. Lastly, the CRISPRtools also supports 
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Guide identification and ranking for nucleotide substitution studies
CRISPRtools supports guide prioritization and ranking for guides closest to a genomic position of interest. This functionality assists in choosing guides when performing a knock-in experiment such as introducing a singlenucleotide polymorphism (SNP) using CRISPR/Cas9. Guides within ±50 bp of the point of interest are ordered and classified according to their position relative to the desired insertion site and predicted efficiency scores are provided. Entries to the program are made in the form of Sirt2,chr7:28776872,T>C, where the target gene, location, and desired substitution are provided by the user.
Efficient production of deletions in the mouse
To test our design algorithm, we generated whole exon deletions within three target genes selected for production in the Knockout Mouse Phenotyping Program (KOMP 2 ) (Bradley et al. 2012; Skarnes et al. 2011; Dickinson et al. 2011) . For each target gene, we generated sgRNA pools by parallel amplification of all four DNA templates in a single reaction followed by in vitro transcription ( Fig. 3a ; Table S1 ). This method significantly reduces reagent costs and enables scalable production of sgRNA pools suitable for large-scale projects. The range of exon deletion sizes ranged from ~250 to 500 bp ( Fig. 3b and Table S2 ; Online Resources 2-4).
We performed a series of side-by-side comparisons using our guide pools to determine the impact of Cas9 (protein vs. mRNA) as well as the method for introducing the reagents-microinjection as compared to zygote electroporation ( Fig. 3c; Table 1 ) (Qin et al. 2015; Wang et al. 2016 ). For electroporation, two different protocols were also tested that varied the number of times the program was run such that 1× delivered 2 pulses (Qin et al. 2015) and 6× delivered 12 pulses (Wang et al. 2016) . Consistently, increasing the pulse number increased the level of mutations with Cas9 protein showing higher levels of activity when compared to mRNA for 2/3 target genes (Fig. 3d) . These findings are in agreement with a recent report demonstrating increased efficiency with protein and higher pulse numbers (Wang et al. 2016 ). The only gene that was refractory to deletions using electroporation was Pcnx2 although there were founders carrying indels. Microinjection into the cytoplasm of zygotes produced the highest mutation rate and successfully generated exon deletions for all three target genes with the highest deletion rate observed for Rab6b. There were several founders identified for Rab6b that carried bi-allelic deletions of varying sizes with most variability occurring at the boundaries; however, there were also cases where the guides flanking the exon cut individually creating small indels that did not result in removal of the critical exon (Online Resource 5). Interestingly, there was no clear difference when comparing Cas9 protein versus mRNA when introduced via microinjection. In summary, these data show that our automated design workflow, combined with our pooled sgRNA production scheme, can efficiently produce exon deletion alleles in a scalable framework that can support the high-throughput needs for large-scale genome modification efforts, like the KOMP 2 program.
Discussion
The increasing use of CRISPR/Cas9 to perform highly effective, rapid genome editing in a wide variety of organisms has quickly made it one of the most widely applied laboratory techniques for generating loss-of-function alleles and other more complex alleles. The CRISPRtools platform focuses on applying CRISPR/Cas9 to create exon deletion alleles that build upon the long history of targeted mutagenesis in the mouse. In proof-of-principle studies, this guide design strategy effectively generated exon deletions for all three target genes when tested directly in vivo. Moreover, exon-sized deletions were achieved using both electroporation and microinjection approaches in an inbred strain of mouse when using four guides per target gene. While exon deletions were obtained for all targets, the size of the deletions varied from founder to founder due in part to the imprecise repair via the NHEJ pathway and the different deletion outcomes possible when using four guides. One potential option for limiting this complexity is to reduce the number of guides, which has worked well for internal deletions (data not shown); however, this does not overcome the stochastic nature of NHEJ repair process, and could reduce the overall success rate if one guide's efficiency is suboptimal. Given these limitations, it is critical to sequence confirm the N1 generation from individual founder animals to isolate a specific deletion allele of interest. Despite these potential drawbacks, these findings hold promise for implementing this strategy at a genome-wide scale. Currently, the platform supports the identification of guides adjacent to NGG PAM of S. pyogenes but can easily be extended to include additional PAM sequences as other systems become more widely used such as CRISPR from Prevotella and Francisella 1 (Cpf1) enzyme identified in Acidaminococcus (AsCpf1) and Lachnospiraceae (LbCpf1) (Zetsche et al. 2015) . Additionally, this approach is not limited to mouse but can easily be extended to other organisms for which complete genomic sequence is available. The deletion strategy can also be generalized beyond exons to include the removal of specific genomic regions such as enhancers (Li et al. 2014; Zhang et al. 2016) . The generic framework of CRISPRtools enables future improvements such as support for additional efficiency guide scoring algorithms as well as alternate approaches for accounting for off-target matches. The ability to stitch together several independent analyses simplifies the workflow for the user and provides flexibility for growth in the midst of an everexpanding genome editing toolbox. 
